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Pathology, University of Alberta, Edmonton, Alberta, CanadaABSTRACT Knowledge of the spatial and temporal distribution of cryoprotective agent (CPA) is necessary for the cryopres-
ervation of articular cartilage. Cartilage dehydration and shrinkage, as well as the change in extracellular osmolality, may have
a significant impact on chondrocyte survival during and after CPA loading, freezing, and thawing, and during CPA unloading. In
the literature, Fick’s law of diffusion is commonly used to predict the spatial distribution and overall concentration of the CPA in
the cartilage matrix, and the shrinkage and stress-strain in the cartilage matrix during CPA loading are neglected. In this study,
we used a previously described biomechanical model to predict the spatial and temporal distributions of CPA during loading. We
measured the intrinsic inhomogeneities in initial water and fixed charge densities in the cartilage using magnetic resonance
imaging and introduced them into the model as initial conditions. We then compared the prediction results with the results
obtained using uniform initial conditions. The simulation results in this study demonstrate the presence of a significant mechan-
ical strain in the matrix of the cartilage, within all layers, during CPA loading. The osmotic response of the chondrocytes to the
cartilage dehydration during CPA loading was also simulated. The results reveal that a transient shrinking occurs to different
levels, and the chondrocytes experience a significant decrease in volume, particularly in the middle and deep zones of articular
cartilage, during CPA loading.INTRODUCTIONSuccessful vitrification will facilitate the banking and
transplantation of articular cartilage grafts for the treat-
ment of end-stage osteoarthritis. This requires the loading
of vitrifiable concentrations of cryoprotective agents
(CPAs) into the cartilage matrix to prevent or reduce ice
formation within the tissue (1,2), which would preserve
extracellular structure and the proteoglycan (PG) network
as well as the chondrocytes. The transient distribution of
the CPA from the surface toward the bone during loading
strongly depends on the tissue thickness, and is a critical
piece of information for the design of stepwise or con-
tinuous CPA loading protocols to achieve vitrification,
particularly for thick cartilage from species such as human
and pig.
In the cryobiology literature, the distribution of the CPA
inside the tissues is generally ignored. Furthermore, many
studies used Fick’s law of diffusion as the dominant
approach for predicting the CPA overall uptake in tissues
(3–5). However, Fick’s law is unable to describe known
phenomena (other than CPA diffusion) that occur during
CPA loading in cartilage, including osmotic water move-
ment and tissue dehydration, which may influence theSubmitted May 30, 2011, and accepted for publication December 14, 2011.
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. Open access under CC BY-NC-ND license.CPA distribution in cartilage. Moreover, the viability of
the chondrocytes after thawing may also be affected by
other parameters that are not taken into account by Fick’s
law. For example, it is known that the chondrocytes respond
to changes in their environment, such as alterations in ion
concentration (6,7) or stress within the tissue matrix (8,9).
These osmotic and mechanical stresses on the chondrocytes
during the CPA diffusion have not been studied before.
Information about the changes that occur in the chondro-
cytes’ surroundings, such as the extracellular solution osmo-
lality and the stress during loading of a concentrated
solution, may help in understanding the damage to the chon-
drocytes during CPA loading.
Shaozhi and Pegg (10) were the first to attempt to use the
more-robust biomechanical triphasic model of cartilage to
describe the loading of CPA in cartilage. However, their
study focused on CPA diffusion in cartilage and assumed
the CPA to be dilute. In a previous work (11), we expanded
the biomechanical model approach to nondilute solutions
and fully developed it to describe cartilage interstitial fluid
weight loss/gain behavior by introducing physically mean-
ingful transport parameters and obtaining the parameter
values by fitting to appropriate data. In this work, our first
objective was to fully exploit the modified biomechanical
model presented in our previous work for predicting vari-
ables of interest during CPA loading in tissues, including
the spatial and temporal distribution of CPA, stress and
strain in the cartilage matrix, and changes in the osmolality
of the interstitial fluid as the result of changes in the con-
centration of fixed charges and ions. The latter allows us
to calculate the osmotic stress on the chondrocytes duringdoi: 10.1016/j.bpj.2011.12.058
Transport in Cartilage: Inhomogeneities 1285CPA loading. Our second objective was to quantify the role
of the natural spatial inhomogeneities that exist in cartilage
as initial conditions for the model predictions.
In our previous study (11), the initial distributions of
water (4w) and fixed charge density (FCD, cfc) in porcine
cartilage in the model were assumed to be uniform across
the tissue thickness. This was based on many modeling
studies in the biomechanical engineering literature (12).
However, experimental measurements have confirmed
nonuniform initial distributions for 4w and cfc in the artic-
ular cartilage of different animals (13–17). Using nonuni-
form initial conditions instead of uniform ones may
change the results of the fitting for transport parameters
that was done in our previous study. For porcine articular
cartilage, such measurements are scarce. The introduction
of real initial conditions to the model is necessary for
making reliable predictions using our modified triphasic
model. Therefore, in this study, we measured the nonuni-
form distributions of 4w and cfc for porcine femoral cartilage
in excised samples using magnetic resonance imaging
(MRI). Subsequently, the transport parameters of the model
were reevaluated with measured nonuniform distributions of
4w and cfc as initial conditions. Then, the model was used to
predict the distributions of CPA concentration, strain in the
tissue matrix, and ion concentration, and the resultant
volume of the chondrocytes as a result of changes in the
ion concentration. To assess the importance of using intrin-
sically nonuniform versus uniform initial distributions of
water (4w) and FCD (cfc), we made the model predictions
using both sets of initial conditions and compared the
results. The CPA loading protocol simulated in this study
(i.e., immersing an osteochondral dowel in a bath of 6 M
dimethyl sulfoxide (DMSO) solution) was similar to the
protocol used in our previous study and in a study by
Sharma et al. (18). We will use the results of this study to
emphasize the effect of tissue thickness on the distributions
of ion and CPA concentration and stress-strain in the tissue,
and to propose what to our knowledge are new mechanisms
for cellular damage during cooling (i.e., the mechanical
stress and the osmotic stress on the chondrocytes during
CPA loading and regional ice formation during cooling
steps).MATERIALS AND METHODS
Cartilage sample preparation
Osteochondral dowels of cartilage were cut from the femoral head of the
knee joints, by means of a cylindrical hollow punch, in the direction perpen-
dicular to the surface, from sexually mature pigs within a few hours after
they were killed for food purposes. The cylindrical dowels (10 mm in diam-
eter and 10–20 mm in length) were cleaned and kept in phosphate-buffered
saline (PBS) before the experiments were conducted. The PBS was previ-
ously degassed via ultrasound for a minimum of 30 min before experiments
at room temperature. Awooden holder was used to keep the cartilage dowel
suspended in PBS.Chondrocyte membrane integrity test
As an independent measure and a rough estimate of the health of cartilage
samples in this study, all cartilage samples were sliced and stained for chon-
drocyte membrane integrity using Syto13/ethidium bromide (Invitrogen,
Grand Island, NY) after the end of the MRI experiments (19). The results
from those samples with a significant number of chondrocytes (>10%)
with membrane damage were discarded.MRI protocols
Seven dowels of cartilage from seven different animals, at equilibrium
with PBS, were examined for water distribution with a 1.5 T Siemens
Sonata MRI scanner (Siemens Healthcare, Erlangen, Germany). The carti-
lage dowels were suspended in PBS in 50 ml tubes, with the surface parallel
to the axis of the magnet. A customized surface coil was placed around the
sample tube for signal reception. Quantitative T1 mapping of the sample
was achieved using an inversion recovery pulse sequence (gradient-recalled
echo with echo time (TE)¼ 5.81 ms and repetition time (TR)¼ 10 seconds,
with inversion recovery times of Ti ¼ 40, 150, 300, 500, 750, 1000
and 1400 ms, receiver bandwidth ¼ 160 Hz/pixel, flip angle 30, and an
in-plane spatial resolution of 140 mm with a slice thickness of 1 mm,
prescribed perpendicular to the cartilage surface, as shown in Fig. 1, inset.
After imaging, the samples were placed in a media solution (Dulbecco’s
modified Eagle’s medium)/F12þ GlutaMAX; Invitrogen) with 0.1 mM ga-
dolinium diethylene-triamine-pentaacetic acid (Gd-DTPA) concentration
(Magnevist; Bayer, Toronto, Ontario, Canada) and stored in a refrigerator
at 4C overnight to allow the Gd to equilibrate within the specimen. The
next day, the experiment was repeated to quantify T1 in the same dowels
with Gd-DTPA on board. At the end of the study, a water density image
was acquired.Measurement of water and FCD distributions
in porcine articular cartilage by MRI
A well-established technique to measure fixed charge and protein concen-
tration distributions in cartilage involves the use of contrast agents in
combination with proton MR experiments (20,21). The equilibrium
distribution of an anionic contrast agent such as Gd-DTPA inside articular
cartilage is influenced by the repulsion between the negatively charged
groups on PG and the anionic Gd-DTPA (15,22). Hence, there is higher
concentration of Gd-DTPA where there are fewer proteins and fixed
charges, and vice versa. The regional tissue concentration of the Gd-
DTPA is measured using the change in the longitudinal relaxation time,
T1, from a baseline value measured before addition of the contrast agent.
The T1 values are the time constant of the recovery of the MRI magnetiza-
tion to thermal equilibrium after perturbation of the magnetization. The T1
values are reduced from baseline values, T1
0, in the presence of a paramag-
netic agent (e.g., Gd-DTPA) according to the relation (15):
1
T1
¼ 1
T01
þ ½Gdr; (1)
where [Gd] is the concentration of the agent (millimolar) and r is the agent
relaxivity in mM1s1. By measuring the change in water T1 before and
after the introduction of contrast agent, and having the value of relaxivity
r, we can calculate the concentration of agent ([Gd]). In the literature,
this technique is commonly referred to as delayed gadolinium-enhanced
MRI of cartilage (d-GEMRIC). To calculate the distribution of FCD in
cartilage in this study, we used the d-GEMRIC technique developed by
Bashir et al. (15):
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FIGURE 1 Obtaining cartilage model parameters. (a) Normalized distributions of water and FCD in n¼ 7 samples. Black solid lines are polynomial fits to
the data. Inset: Cross-sectionMRI image of a cartilage dowel. The arrow shows the direction of the B0 magnetic field inside the magnet. Cartilage is the white
dense material on top of the slightly darker bone. (b) Measured overall concentration of DMSO (top) and measured overall weight (bottom) in the same discs
of cartilage with average thickness of 2 mm, at various times. Fitting results for Kcs and Ksw with HA ¼ 17000  cfc are plotted with black solid lines.
1286 Abazari et al.where subscripts b and t denote bath and tissue, respectively, and SF is
a scaling factor.WATER AND FCD MRI MEASUREMENT RESULTS
For all samples, water density images were normalized to
the density in the external PBS, representing 100% water
density. As shown in Fig. 1, inset, data analysis was limited
to a single spatial dimension perpendicular to the sample
surface and cartilage-bone interface. Signal intensity
profiles from the seven samples were aligned at the bone-
cartilage boundary to allow direct comparison of all
samples, after normalization of each profile to the cartilage
thickness (ranging in thickness from 2 to 3 mm). In Fig. 1 a,
the results of the measurements for water density and calcu-
lations of FCD for seven samples are plotted versus the
normalized distance from the bone-cartilage boundary.
The water density is shown on the y axis (left) and the calcu-
lated FCD is shown on the y axis (right). Six of the seven
samples showed very similar patterns of water density
across the thickness, and all seven samples had similar
increasing patterns of FCD from the surface toward the
bone. To calculate the FCD from Eqs. 1 and 2, values for re-
laxivity r ¼ 6.2 and scaling factor SF ¼ 1 were used (23).
The calculated concentration of fixed charges varied from
0.06–0.08 M at the surface of the samples to 0.15–0.27 M
at the bone. The data from all samples were fit with polyno-
mials of 5th and 3rd degrees:
40wðxÞ ¼ 0:7798 0:0549x  0:2817x2 þ 1:9694x3
 2:6472x4 þ 1:1529x5; (3)
c0 ðxÞ ¼ 0:2302 0:4039x þ 0:6259x2  0:3687x3; (4)fcBiophysical Journal 102(6) 1284–1293where x is the normalized thickness, the reference point
x ¼ 0 is located on the bone-cartilage boundary, and x ¼
1 is at the cartilage surface. These fits are used here as the
initial conditions for modeling. The goodness of the fit
was obtained in Microsoft Excel and polynomials of 5th
and 3rd degrees were considered adequate to best represent
the collected data. The use of polynomials of higher order
did not change the results of the modeling significantly.EFFECTS OF NONUNIFORM INITIAL CONDITIONS
ON THE TRANSPORT PARAMETERS
Equations describing the modified biomechanical model, pre-
sented in our previouswork (11), can be found in theAppendix.
In our previous study,we evaluated fourmajor transport param-
eters of the modified triphasic model, i.e., the CPA diffusion
coefficient Dcw, water and CPA permeabilities Ksw and Kcs,
and cartilage stiffness modulus HA (appearing in Eqs. A17
and A20–A23 in the Appendix), by fitting the model to the
measured CPA overall concentration increase and weight
change in discs of cartilage cut from the bone. The fitting was
done assuming initially uniform distributions for solid volume
fraction ð40w ¼ 0:2Þ and FCD ðc0fc ¼ 0:2MÞ across the tissue
thickness. In the work presented here, we used Eqs. 3 and 4
for 40w and c
0
fc instead of constant values. Therefore, we reeval-
uated the transport parameters for the new initial conditions by
fitting the modified transport model to the same experimental
data we used in our previous study, as described below.Parameter fitting with nonuniform initial
conditions
For demonstration purposes in this study, we used data ob-
tained in our previous work (11) regarding the concentration
TABLE 1 Transport parameters used in modeling, assuming
uniform or nonuniform distributions for water and the FCD
Distributions
Uniform* Nonuniformy
40s (solid vol./total vol.) 0.2 Eq. 3
C0fc (M) 0.2 Eq. 4
Dcw (m
2/s) 2.3  1010 2.3  1010
HA (MPa) 2.4 17  106  Cfc
Ave HA (MPa) 2.4 2.5
Ksw (Ns/m
4) 4.5  1016 9.0  1016
Kcs (Ns/m
4) 0.5  1016 0.5  1016
*From Abazari et al. (11).
yFrom this study.
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a 6.5 M DMSO solution at 22C to find the best fitted values
for Kws, Kcs, and Dcw, with the following considerations:
1. The initial water and fixed charge distributions were as in
Eqs. 3 and 4.
2. For disks of cartilage cut from the bone, assuming 1D
transport from both ends of the disks and ignoring the
transport in the radial direction, as explained in our
previous work (11), we employed the following values
for constants and parameters: Mw ¼ 0.01802 kg/mol,
MDMSO ¼ 0.07813 kg/mol, MNaCl ¼ 0.058 kg/mol,
rw ¼ 1000 kg=m3, rDMSO ¼ 1101 kg=m3, R ¼
8.314 J/(mol K), BDMSO ¼ 7.2408 (11), Dnw (for
NaCl) ¼ 5  1010 m2/s (24), Dcw (for DMSO) ¼
3–81010 m2/s (free diffusion) (25), Ksw ¼ 1016–
1015 m4/(N s) (12,26), Kcs¼ 1017–1016 m4/(N s) (11).
3. As regards the cartilage stiffness modulus, many studies
(27–31) have shown that under various experimental
conditions, such as cartilage with digested PG content,
or high and low ends of extracellular bath ion concentra-
tion, the stiffness modulus HA correlates differently with
the distribution of PG content in articular cartilage.
Because finding a relationship between HA and FCD
was not an objective of this work, in consideration of
the HA correlation with FCD, we assumed a linear rela-
tionship between HA and c
0
fc. A quick analysis showed
that such an assumption would hold true for the values
of FCD and bath ionic concentration in our study (anal-
ysis not shown). Hence, we used a linear relationship
between HA and FCD in this study based on suggestions
from the literature (32), as follows:HAðxÞ ¼ 17  106  c0fcðxÞ: (5)We carried out the fitting procedure using a custom-written
code in MATLAB (The MathWorks, Natick, MA) in
combination with the COMSOL Multiphysics (version
3.3; COMSOL, Stockholm, Sweden) finite element solver.
Equations A1–A23 were solved for Dcw, Ksw, and Kcs using
the least-squared-error method. The data and the fitting
results are presented in Fig. 1 b and Table 1. In Table 1,
the fitted values for Dcw obtained with both uniform and
nonuniform initial conditions are the same. This is consis-
tent with physical expectations because the CPA concentra-
tion is defined as the number of moles of the CPA per unit
volume of the fluid phase, and therefore it is not affected
by the change in the volume fraction of the fluid/solid
phases. The refitted value for Kcs also did not change;
however, the value for Ksw doubled. (In separate calcula-
tions, not presented here, we found that assuming slightly
different distributions for HA changed the values of the fit
parameters but not the goodness of the fit or any other
conclusions presented here).SIMULATION OF A CPA LOADING PROTOCOL
WITH UNIFORM AND NONUNIFORM INITIAL
CONDITIONS
We used the results of the parameter fitting for nonuniform
initial distributions of water and FCD to predict CPA and
ion concentrations, and strain in the cartilage matrix during
a hypothetical loading protocol. For comparison, the same
predictions were made using parameter values as in Table 1
from our previous work with assumed uniform initial condi-
tions. For the CPA loading protocol, immersing the carti-
lage-bearing bone graft in a 6 M DMSO solution at room
temperature was considered. It must be noted that here our
intention was to simulate the transport of water and CPA
for cartilage on the bone and not for the discs, as in the
experiments in our previous work (11), because due to prac-
tical constraints, the cartilage must be cryopreserved on
bone. Therefore, the boundary conditions were no flow on
the bone-cartilage boundary and chemical potential equilib-
rium for the cartilage-bath boundary with reference point
x ¼ 0 set on the bone-cartilage boundary.Simulation results for CPA distribution
In Fig. 2, the distribution of the CPA in cartilage calculated
at different times using uniform (dashed lines) and nonuni-
form (solid lines) initial distributions of water and FCD are
shown. The x axis represents the distance from the bone-
cartilage boundary, and the y axis represents the concentra-
tion in molar (M). The times for the respective distributions
of the CPA are marked on the graph. The model predictions
for the spatial and temporal distributions of the CPA concen-
tration in cartilage for the two cases are close. At the begin-
ning of the simulated time (1 min), the CPA concentration
distributions closely overlay, and at later times (60 min)
the predicted CPA concentration using the nonuniform
distribution is slightly higher on the bone-cartilage
boundary than that predicted using the uniform distribution.
This is consistent with the results of the parameter sensi-
tivity analysis in our previous study, which indicated
that the main parameter affecting the increase in CPABiophysical Journal 102(6) 1284–1293
FIGURE 3 Simulation results for the strain due to osmotic water move-
ment and DSMO diffusion at various times during the diffusion of DMSO
into a 2-mm-thick piece of cartilage from a 6 M DMSO solution, using
uniform (dashed line) and nonuniform (solid line) initial conditions. The
overall shrinkage of cartilage is observed with the displacement of the
start of the curves at the top right of the figure. With nonuniform initial
conditions, the higher stiffness of cartilage closer to the bone-cartilage
boundary results in less transient shrinkage of the cartilage than in the
middle section. With uniform initial conditions, maximum shrinkage occurs
at the bone-cartilage boundary.
FIGURE 2 Simulation results for the DMSO diffusion pattern in a 2-mm-
thick piece of cartilage at various times after immersion in a 6 M DMSO
solution using uniform (dashed line) and nonuniform (solid line) initial
conditions. The displacements of the start of the curves at the top right of
the figure show the overall shrinkage of the cartilage during DMSO diffu-
sion. These results show that the changes in the initial distributions of 4w
and cfc do not significantly change the concentration pattern.
1288 Abazari et al.concentration in cartilage is the CPA diffusion coefficient in
water. Other parameters (i.e., water and the CPA permeabil-
ities in cartilage, Ksw and Kcs) mainly influence the rate of
dehydration and shrinkage of the tissue. The total shrinkage
of the cartilage as a result of tissue dehydration is specified
in Fig. 2 by the arrow indicating the movement of the carti-
lage-bath boundary (top-right corner). Although the values
of Ksw and Kcs may or may not differ when fitting is per-
formed with different initial conditions (Table 1), it is not
surprising that the total movement of the boundary is
similar, because in both cases the model was fit to the
same experimental data of overall weight change.
The current methods used to design cooling protocols for
cartilage cryopreservation are based on the CPA average
concentration in the tissue. Generally, due to increasing
toxicity of the CPA, not enough time is given to the CPA
to equilibrate across the tissue thickness. Hence, it is evident
that approaches based on average concentration when full
equilibration has not occurred could result in ice formation
inside the tissue in the middle and bone-side sections where
the CPA concentration is less than the average (Fig. 2). This
corresponds with the cell loss pattern in transplanted cryo-
preserved cartilage observed in other studies (33), and
suggests that ice formation closer to the bone is a possible
mechanism for damage to the chondrocytes during
cryopreservation.Simulation results for strain distribution
Fig. 3 shows the model predictions for the spatial and
temporal distributions of the strain in the tissue with uniformBiophysical Journal 102(6) 1284–1293and nonuniform initial distributions of water and FCD. The
predicted strain in the tissue is significantly affected by
the choice of initial conditions. At early times (1 min), the
surface of the cartilage with the uniform initial distribution
shrinks more. At later times (60 min), the shrinkage of
the tissue in the deep zone is larger for the uniform initial
distribution than for the nonuniform initial distribution.
With the uniform initial distribution, the maximum strain
traverses across the thickness of the tissue and increases
as it approaches the bone. However, with the nonuniform
initial distribution, the maximum strain occurs in the middle
of the tissue and decreases toward the deep zone (to keep the
graph tractable, results obtained at times >60 min are not
shown). In both cases, the strain in the surface zone
decreases in a few minutes. The simulation results show
that with the uniform distribution assumption, the maximum
strain stayed the longest in the deep layer of the tissue.
However, with the nonuniform distribution assumption,
the maximum strain stayed the longest in the middle of
the tissue and the strain in the deep zone always remained
less than that in the middle until the strain was completely
released.
The model predictions for the strain in the cartilage
matrix point to a new, to our knowledge, mechanism of
damage to the chondrocytes during the CPA loading
process: the mechanical strain. Muldrew et al. (33) reported
that the chondrocytes in the middle and deep zones of the
cartilage are, for unknown reasons, more susceptible to
cryopreservation damage. The susceptibility of these cells
FIGURE 4 Simulation results for the spatial and temporal distributions
of cation (Naþ) during DMSO diffusion in a 2-mm-thick piece of cartilage,
using three different values for the diffusion coefficient of Naþ in water.
The larger the diffusion coefficient, the higher is the concentration of
cations at each time point within the cartilage. The distribution of cations
in the extracellular solution is important for calculating the interstitial fluid
chemical potential, which affects the chondrocyte volume during DMSO
diffusion. Note that the curves for all initial distributions overlay one
another and appear as a solid line.
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cells in those regions to toxicity. The simulation results
presented herein for the strain suggest possible mechanical
damage mechanisms for such susceptibility. The mechan-
ical forces exerted on the extracellular matrix are important
for the biosynthetic activity of the chondrocytes (34,35).
Buschmann et al. (6) and Guilak (9) proposed that cells
sense the mechanical stress in their environment through
deformation. Islam et al. (36) showed that cyclic loading
of cartilage (5 MPa) with 1 Hz frequency induces chondro-
cyte apoptosis after 1 h. Wu and Herzog (35) simulated the
location-dependent stress and volume change of the chon-
drocytes using a homogeneous biphasic model of cartilage
under mechanical unconfined compression. They concluded
that the volume response of the chondrocytes is more signif-
icant in deep layers than in surface layers under frequent
loading conditions. Their simulations only considered the
mechanical forces around the chondrocytes in the matrix.
Results from modeling studies (8) indicated that the strain
in the extracellular matrix may be amplified when trans-
ferred to the chondrocytes due to different mechanical prop-
erties of the pericellular matrix (37–39). Using a biphasic
description of cartilage, Kim et al. (8) calculated a strain
amplification factor of ~7 times in the chondron (the chon-
drocyte and the surrounding pericellular matrix) under
mechanical loading conditions of 1% engineering strain at
0.01 Hz. All of these studies suggest that the order of the
mechanical strain on cells is more significant than that in
the matrix. In cryopreservation of articular cartilage,
loading steps may not be as frequent as in mechanical cyclic
loading; however, the magnitude of the compressive strain
caused by dehydration during the loading process is much
larger than that in mechanical loading studies, and therefore
it is important to know the magnitude of the strain on the
extracellular matrix and the chondrocytes because strain
may mechanically damage the chondrocytes or initiate
apoptosis. To our knowledge, this is the first time that
mechanical stress on the chondrocytes has been proposed
as a possible damage mechanism during CPA loading for
cryopreservation.Simulation results for cation concentration
The changes in the concentration of CPA, the dehydration of
the tissue, and the resultant ion concentration inside the
cartilage during CPA loading affect the differences in the
chemical potential ofwater and ions across the chondrocytes’
membranes. Chondrocytes passively respond to these
changes by shrinking or swelling. To calculate the chemical
potential of the interstitial fluid and the volume response of
the chondrocytes, one must know the ion concentration and
the CPA concentration. Fig. 4 shows the predictions of the
model for the distribution of cation concentration in cartilage
during DMSO loading under nonuniform initial conditions.
Some investigators have argued that the anions and cationsof NaCl have different diffusion coefficients, and therefore
introduced multiphasic models in which different ions have
different diffusion coefficients. The diffusion coefficients
of cations in water in cartilage, as reported in the literature,
are 2–9  1010 m2/s (34,40). To examine the effect of the
cation diffusion coefficient, Dnw, on the cation concentration
pattern and chondrocyte volume, we made predictions using
three different values for Dnw. It was originally assumed in
the model that the salt ions were dissolved only in water
and not in DMSO. The ion diffusion coefficient in water
has a significant effect on the concentration of the ions in
cartilage during CPA loading. In Fig. 4, it can be seen that
at each time point, the cation concentration inside the tissue
increases with increasing Dnw. Physically, this phenomenon
can be explained by the inverse relationship between the
diffusion and frictional coefficients: the higher the diffusion
coefficient, the lower the friction coefficient.Simulation results for chondrocyte volume
The transient volume of the chondrocytes during CPA diffu-
sion can be calculated from the water and CPA fluxes into
and out of the chondrocytes, given that the membrane
permeability and osmotically inactive volume of the chon-
drocytes are known (41,42). However, because the diffusion
of the CPA into cartilage takes much longer than CPA equil-
ibration across the cell membrane (a few hours versus a few
minutes, respectively (42)), the transient volume change of
the chondrocytes can be ignored and the chondrocytes mayBiophysical Journal 102(6) 1284–1293
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solution at all times. The thermodynamic condition for the
equilibrium is the balance of extra- and intracellular chem-
ical potentials for all of the components that can cross the
cell membrane, i.e., water and CPA:
minw ¼ moutw (6)
minCPA ¼ moutCPA: (7)The chemical potential equations for water-NaCl-CPAFIGURE 5 Simulation result for the chondrocyte volume in response to
the change in the chemical potential of the interstitial fluid after dehydration
and DMSO diffusion from a 6 M DMSO solution. The simulations weremixtures were the same as in our previous study (11)
(Eqs. A12 and A13 in the Appendix). It was also assumed
that the total amount of the intracellular ideal-dilute solute
within the cell during osmotic changes is conserved, i.e.,
cinitid;intra

Vinit  Vb
 ¼ const ¼ cid;intraðV  VbÞ; (8)
where c and V represent concentration and volume, anddone assuming a 2-mm-thick piece of cartilage and nonuniform initial
conditions. The value of the Naþ diffusion coefficient in water in cartilage
was assumed to be 5  1010 m2/s.subscripts id and intra represent ideal-dilute and intracel-
lular, respectively. Superscript init represents initial state.
In Eq. 8, the salt ions were treated as an ideal-dilute solute
and a dissociation constant of 2 was used in the calculation
of ideal-dilute solute concentration, i.e., 0.15 M NaCl corre-
sponds to initial intracellular isotonic osmolality
ðcinitid;intra ¼ 300 mMy300 mOsmÞ. For chondrocytes, Vb ¼
0.41 (42). In the extracellular solution, cid;extra ¼
2cNaþ þ cfc. Also, it was assumed that the volume of the
ideal-dilute solute and the volume of mixing of water and
the CPA are negligible, and that the total volume of the
cell can be calculated using the intrinsic densities of water
and the CPA:
V ¼ Vb þ
X
i¼w;CPA
niMi
ri
; (9)
where ni represents the actual number of moles of compo-
nent i in the intracellular solution, and M and r are molec-
ular weight and intrinsic density of the components,
respectively. Solving Eqs. 6–9 gives the equilibrium volume
(V) of the cell as the concentrations of the CPA and ions
change during CPA diffusion. In Fig. 5, the volume of chon-
drocytes, normalized to their volume at equilibrium with an
isotonic solution, is plotted versus the position in the matrix.
The calculated equilibrium volume of the chondrocytes
throughout the tissue is less than the chondrocyte initial
volume at equilibrium with isotonic solution. This shows
the amount that chondrocytes are initially under osmotic
stress due to the initial nonuniform distribution of fixed
charges. As the tissue shrinks during CPA diffusion, the
wave of chondrocyte shrinking propagates into the tissue
toward the bone. On the bone side, the chondrocytes shrink
to nearly 60% of their isotonic volume after 30 min. The
simulation results show that the rate of chondrocyte volume
recovery is slower than the rate of shrinking, and follows the
strain relaxation in the matrix.Biophysical Journal 102(6) 1284–1293In addition to mechanical stress and strain, as discussed in
the previous section, the chondrocytes are also under
osmotic stress during CPA loading. The presence of the
fixed charges causes an imbalance in concentration of ions
between the inside and outside of the tissue, and produces
a distribution for ion concentration within the tissue. There-
fore, the calculated osmolality of the extracellular solution
in the tissue is higher than the isotonic osmolality, and hence
the natural in situ cell volume is less than the volume the cell
would have at equilibrium with an isotonic solution. This
natural volume distribution was experimentally examined
by Oswald et al. (43), who measured an increase in the inter-
stitial fluid osmolality from 340 mOsm at the surface to
410 mOsm at the bone in bovine articular cartilage.
The simulation results in Fig. 5 show that the change in
the chondrocyte equilibrium volume is a result of the
concentration of cations as well as the fixed charges due
to dehydration. In the calculation of osmotic volume
response of the chondrocytes, we assumed that the timescale
of CPA diffusion across the thickness of the tissue is much
larger than that across the cell membrane. This means that
the cells are at equilibrium with the CPA in their immediate
surroundings. However, the resultant strain in the tissue
concentrates the FCD and the cations in the extracellular
solution. As a result, the cells osmotically respond to this
increase in ionic concentration by shrinking. In Fig. 3, the
strain in the middle and deep zones of cartilage remains
the longest compared with the superficial zone. The
increased concentration of the ions during dehydration
(Fig. 4) increases the osmolality of the interstitial fluid
in the deep and middle zones. Hence, the chondrocytes
of the middle and bottom zones are exposed to high
Transport in Cartilage: Inhomogeneities 1291concentrations of ions, and endure longer and larger osmotic
shrinkage than the chondrocytes in the other regions. These
cells could consequently be more susceptible to damage
during CPA loading. Chondrocyte-matrix attachments,
which are essential for the normal function and response
of the cells to mechanical stimuli in the matrix, can be
strained and significantly stressed for too long during
loading. In fact, cell-matrix attachments may be lost after
cryopreservation. To our knowledge, this is the first time
that the osmotic stress and its effects on the fate of the chon-
drocytes have been proposed as a possible mechanism
of damage during CPA loading in cartilage for
cryopreservation.
The interplay of various parameters, such as the diffusion
coefficients of CPA and ions, and the shrink-swell dynamics
of the cartilage, can give rise to interesting behaviors, as
shown in Fig. 5. At a distance of ~1.25 mm from the
bone, the volume of the chondrocytes decreases during the
first 5 min, then increases between 5 and 30 min, and then
decreases again (by a small amount) between 30 and
60 min. It must be noted that the volume response of the
chondrocytes is a function of the concentration of osmolal-
ities in their immediate extracellular solution. The first
volume decrease is due to water loss and the increase in
extracellular osmolality due to shrinkage of the cartilage
and the resultant concentration of the cations (as in
Fig. 4). The subsequent increase may be due to a decrease
in the cation concentration in the extracellular solution as
it diffuses out of the tissue, and the final decrease may be
due to the reversal of cation movement from the bath into
the extracellular solution.CONCLUSION
Our first objective in this study was to introduce the natural
initial inhomogeneities in water and fixed charge distributions
in cartilage, measured by MRI, into the modified triphasic
biomechanical model developed by Abazari et al. (11) as
initial conditions, and to investigate the effect of these inhomo-
geneities on the model transport parameters. The cartilage
stiffness modulus was considered to be a function of FCD
distribution. For the diffusion coefficient of the CPA in the
interstitial fluid in cartilage, the simulation results confirmed
the results of the sensitivity analysis by Abazari et al., i.e.,
Dcw does not change significantly regardless of whether
uniformornonuniform initial conditions are used in themodel.
However, water and CPA permeabilities do change with
different initial conditions: the change in Ksw is more signifi-
cant than inKcswhen assuming nonuniform initial conditions.
Our second objective was to demonstrate the importance
of using real initial distributions of water and fixed charges,
as measured by MRI, to model the transport phenomena in
cartilage by comparing simulation results for uniform and
nonuniform initial conditions. We found that the simulation
results for the CPA spatial and temporal distribution withnonuniform real initial conditions did not significantly differ
from those obtained with uniform initial conditions.
However, under the same circumstances, the strain distribu-
tion, ion concentration, and resultant cell volume change
predictions changed significantly. The simulation results in
this study reveal potential mechanisms for damage to the
chondrocytes during CPA loading. Our simulation results
show that during a typical CPA loading protocol, the chon-
drocytes experience mechanical and osmotic stresses, due to
strain in the matrix and increased ion concentration, that
may be destructive and damaging and may affect the
viability of the chondrocytes and outcome of the vitrifica-
tion protocol. To our knowledge, the two damage mecha-
nisms proposed here have not been studied before in the
literature. They are proposed here solely on the basis of
simulation results, and thus require further experimental
investigation. The simulation results in this study exemplify
the breadth and importance of modeling for advancing the
frontiers of cryopreservation, and show the potential of
modeling for finding novel approaches for the cryopreserva-
tion of articular cartilage.APPENDIX: THE MODIFIED TRIPHASIC MODEL
BY ABAZARI ET AL. FOR APPLICATIONS
IN CRYOPRESERVATION
Here we present the equations that describe the movement of water, CPA,
solid component, and ions when cartilage is exposed to external concen-
trated CPA solutions, as in our previous study (11). See ‘‘Nomenclature’’
further below for definitions of all the variables. Note that in the application
of this model, one-dimensional transport was assumed (11).
1. Mass balance equations:
vrw
vt
þ V$ðrwvwÞ ¼ 0 (A1)
vrc c c
vt
þ V$ðr v Þ ¼ 0 (A2)
vrs s s
vt
þ V$ðr v Þ ¼ 0 (A3)
V$ð4svsÞ ¼ V$ð4wvw þ 4cvcÞ: (A4)2. Momentum balance equations:rwVmw  rnVmn ¼ fwcðvw  vcÞ þ fwsðvw  vsÞ (A5)
rcVmc ¼ fcwðvc  vwÞ þ fcsðvc  vsÞ: (A6)3. Auxiliary equations to convert between densities, volume, and molefractions:
ca ¼ r
a=Ma
1 4s ; a ¼ w; CPA (A7)Biophysical Journal 102(6) 1284–1293
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a4 ¼
ra
; a ¼ w; CPA (A8)
4s ¼ 1 4w  4CPA (A9)ct ¼ cw þ cCPA þ cCl þ cNaþ þ cfc (A10)ck
xk ¼
ct
: (A11)
4. Nonideal-nondilute chemical potential equations:mw ¼ mw þ
P
rw
 RTð1 xwÞð1þ BCPAxCPAÞ
Mw
(A12)
mCPA ¼mCPA þ
rrCPA
þ RT

lnðxCPAÞ þ 1=2x2w  BCPAxwð1 xCPAÞ

MCPA
(A13)
mNaCl ¼mNaCl
þ RT

ln

xCl þ xfc
ðxClÞþ x2w þ 2BCPAxwxCPA
MNaCl
(A14)
5. Domain movement stress-strain relationship:e ¼ 40s=4s 1 (A15)
cfc ¼ c0

1 e=1 40 (A16)fc s
dP ¼ HAde (A17)þ

þ
 
bath
2cNa cNa þ cfc ¼ cNaþ (A18)
P ¼ RTf2c þ þ c  2fbathcbathþ: (A19)Donnan Na fc Na
6. Relationship between frictional coefficients, fab, and physically mean-
ingful parameters such as diffusion coefficients (Dcw) and permeabilities
(Ksw and Kcs):
fcw ¼ RTð1 4
sÞcc
Dcw
(A20)
RTð1 4sÞcn
fnw ¼
Dnw
(A21)Biophysical Journal 102(6) 1284–12934c
2fcs ¼
Kcs
(A22)
4w
2fws ¼
Kws
: (A23)
NOMENCLATURE
T1 Longitudinal relaxation time, in seconds
T01 Natural longitudinal relaxation time, in seconds
r Relaxivity
SF Scaling factor
40w Initial water volume fraction
c0f c Initial FCD, kg/m
3
ra Density of component a, kg/m3
rw Intrinsic water density, kg/m
3
ma Chemical potential of component a, J/mol
ma Reference state chemical potential, J/mol
ca Concentration of component a, mol/ m3
4a Volume fraction of component a
fab Friction coefficient between components a and b, Ns/m
4
xk Mole fraction of component k
BCPA Second osmotic virial coefficient of the CPA
Ma Molecular weight of component a, kg/mol
P Pressure, MPa
HA Stiffness modulus, MPa
e Strain, (l-l0)/l0
f Osmotic coefficient
R Universal gas constant, J/(mol K)
T Temperature, K
h (t) Instantaneous cartilage thickness
Dab Diffusion coefficient of a in b, m
2/s
Kab Permeation coefficient of a in b, m
4/(Ns)
Vinit Initial cell volume, m3
Vb Osmotically inactive volume, m
3
V Cell volume, m3
cinitid;intra Initial intracellular ideal-dilute solute concentration, mol/ m
3
cid,intra Intracellular ideal-dilute solute concentration, mol/ m
3
cid,extra Extracellular ideal-dilute solute concentration, mol/ m
3
ni Number of moles of component i
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